A set of 16 expressed sequence tag (EST)-derived simple sequence repeat (SSR) and 15 EST-derived single nucleotide polymorphism (SNP) markers together with 4 amplified fragment length polymorphism (AFLP) primer combinations were analyzed on 43 wild (Hordeum vulgare ssp. spontaneum -HS), 35 cultivated (H. vulgare ssp. vulgare -HV) and 12 elite (H. vulgare ssp. vulgare -from EU) barley lines. SSR markers were found most polymorphic with an average PIC value of 0.593 and eight alleles per marker, while AFLP markers showed the highest effective multiplex ratio (26.4) and marker index (5.042). The effective marker index (EMI) was recorded highest (0.468) for AFLP markers and lowest (0.341) for the SNP markers while the SSR markers had an intermediate EMI (0.442). Cluster analysis on combined set of SSR, SNP and AFLP genotyping data classified wild, cultivated and elite barley lines in three distinct groups. The present study suggests the SNP markers as the best class of markers for characterizing and conserving the genebank materials and the AFLP and SSR markers more suitable for diversity analysis and fingerprinting. #
Introduction
Genetic diversity in crop plants is continuously being lost in farmers' fields and in nature. In this context, genebanks assume paramount importance as reservoirs of biodiversity and source of alleles that can be relatively easily retrieved for genetic enhancement of crop plants. Increasingly, efforts are being made to collect threatened landraces, cultivars that were obsolete, genetic stocks and wild relatives of cultivated species [1] . All these materials are important for crop improvement because breeding gains rely largely on access to the genetic variation in the respective crop genepools.
Barley (Hordeum vulgare L.) is an important staple crop ranking fourth in the world food production. It is grown mainly for animal feed and as a raw material for beer production in a wide range of temperate and semi arid environments with major areas of production in the European Union, Russia, and North America. As ICARDA (Syria) has a mandate of barley improvement in semi arid regions, its genebank has a rich resource of cultivars as well as wild barleys.
For detection of genetic variation in barleys, an array of molecular markers is available [2] . Infact, among different classes of molecular markers available, the simple sequence repeat (SSR) or microsatellite (derived from genomic DNA) and AFLP markers have been used separately as well as in combination in many studies [3] [4] [5] [6] [7] [8] [9] . In recent years, with increasing efforts to develop EST (expressed sequence tag) resources for crop plants including barley, a new class of locusspecific DNA markers called 'functional molecular markers' have been developed [10] . These include EST derived SSR www.elsevier.com/locate/plantsci Plant Science 173 (2007) [638] [639] [640] [641] [642] [643] [644] [645] [646] [647] [648] [649] (EST-SSR) and SNP (EST-SNP) markers which are easy to develop utilizing the EST resources and mirrors the functional genomic component [11] [12] [13] . These markers, at present, are gaining momentum for estimating the functional genetic diversity in genebank collections, and natural as well as breeding populations of barley [14] [15] [16] .
The present study attempts to make a critical assessment of the potential of EST-SSR, EST-SNP and AFLP markers for genotyping natural populations, breeding as well as genebank materials. In addition to classifying the examined barleys in different groups, the characteristic properties for all three types of marker assays including polymorphic information content (PIC), multiplex ratio (n), marker index (MI) and two new estimates termed qualitative nature of data (QND) and effective marker index (EMI), are discussed.
Material and methods

Plant materials
A total of 43 wild (H. vulgare ssp. spontaneum -HS), 35 cultivated (H. vulgare ssp. vulgare -HV) and 12 European elite (H. vulgare ssp. vulgare -representing 6 spring and 6 winter types) genotypes, representing 15 countries and European Union (EU) were selected for analysis of genetic diversity. Details on these genotypes including country/province of origin and geographic information system (GIS) data, wherever possible have been provided in Appendix 1. Total DNA was extracted from 20 mg of fresh leaves of each genotype, using the modified CTAB method [17] .
SSR analysis
Amplification of microsatellite loci using fluorescent-dye labeled primer pairs was carried out as given in Thiel et al. [18] . Amplification products were separated on an ABI 377 fragment analyzer and evaluated using the software package Genotyper 3.7 (Applied Biosystems, Foster City, CA, USA).
SNP analysis
For genotyping the single nucleotide polymorphism in the barley genotypes, 10 single nucleotide polymorphisms (SNPs) were assayed as cleaved amplified polymorphic sequences (CAPS) markers, as described in Varshney et al. [19] . Five additional SNP markers were assayed by Pyrosequencing on PSQ HS96 (Biotage AB, Uppsala, Sweden). Amplification of SNP containing region of genome, optimization of pyrosequencing assay and pyrosequencing were performed as instructed by manufacturer (Biotage AB, Uppsala, Sweden).
AFLP analysis
The AFLP reactions were carried using out using 250 ng of DNA per genotype as described in Vos et al. [20] with some minor modifications as given in Sasanuma et al. [21] . The following four primer combinations were used: PstI-AAG + MseI-CTG (P-AAG + M-CTG); PstI-AGC + MseI -CAC (P-AGC + M-CAC); PstI-AGG + MseI-CAA (P-AGG + M-CAA); and PstI-AGG + MseI-CTT (P-AGG + M-CTT). The amplified fragments were fractionated on 6% polyacrylamide gel. The fragments in the gel were detected using DNA Silver Staining System (Promega GmbH, Mannheim, Germany).
Data analysis
Polymorphic information content, effective multiplex ratio (E), marker index, qualitative nature of data and effective marker index were calculated as following:
The PIC values measure the informativeness of a given DNA marker, and these were calculated as follows [22] :
where k is the total number of alleles detected for a given marker locus and P i is the frequency of the ith allele in the set of genotypes investigated. The average number of DNA fragments amplified/detected per genotype using a marker system is considered as multiplex ratio (n).
In case of AFLP, however, many loci (fragments or bands) are non-polymorphic in the germplasm of interest. The number of loci polymorphic in the germplasm set of interest, analyzed per experiment, called effective multiplex ratio (E) is estimated as:
where ß is the fraction of polymorphic markers and is estimated after considering the polymorphic loci (n p ) and non-polymorphic loci (n np ) as ß = n p /(n p + n np ).
The utility of a given marker system is a balance between the level of polymorphism detected and the extent to which an assay can identify multiple polymorphisms. A product of information content, as measured by PIC, and effective multiplex ratio, called as marker index may provide a convenient estimate of marker utility [23] :
To provide an index for the molecular markers that include additional information on the practical applicability of a marker system to the genebank curators and managers, we propose a term called the qualitative nature of data. The QND depends on many factors such as reproducibility and amenability of peaks/ bands for easy documentation (e.g. precise allele sizing and storing in databases) and is defined as:
where DC is the documentation capability, QM is the quality of marker and PR is the Percent Reproducibility of the fragment(s)/band(s)/peak(s) of the given marker system across the laboratories. DC and PR represent the constant value for a given marker type, however, QM is a feature of the primer pair for a marker type and it shows a variable value.
The DC value for SNP markers has been set 1 as their results can be recorded in the most convenient way e.g. one of the four letters 'A'/'C'/'G'/'T' or 'AE' form. Results of SSR markers are also easier to record but allele sizes need to be measured. For AFLP results, it is very difficult to record or document as it is not possible to size all the AFLP loci obtained by a primer pair until unless the AFLP experiments are conducted on ABI machines. While conducting AFLP experiments on ABI machines, the DC value for AFLP can be used as 0.50 or between 0.50 and 0.75.
PR value for both SNP and SSR markers is given 1 as SNP and SSR results are most likely to be reproduced on different analysing systems and across the laboratories.
The QM value, however, will vary with the primer pair even for a given marker type. Therefore, the user needs to define the QM value as per the experiments according to following scale:
1.00 good quality marker -single and strong band/peak 0.75 faint band or lower peak 0.50 marker/band with stuttering 0.25 difficult to score (needs special efforts to visualize) For calculating the QM for a marker system, the average value for the QM should be considered for all the primer pairs/ combinations for the given marker system. Finally, the effective marker index, a possible measure to evaluate the overall utility of a marker system considering all the parameters mentioned above, which can be calculated as follow:
Phenetic or cluster analysis
The profiles produced by EST-SSR and EST-SNP (including CAPS and Pyrosequencing assays) and AFLP markers were scored manually: each allele was scored as present (1) or absent (0) for each of the SSR, SNP and AFLP loci. The 0/1 matrices for individual marker types were used for the calculation of genetic dissimilarity according to Nei and SAHN clustering (NTSYSpc 2.1) which was evaluated for analyzing the correlation among three marker systems. Finally, individual data obtained with SSR, SNP and AFLP markers were combined to prepare the three-dimensional cluster phenogram by using GelCompar II programme (Applied Biomaths).
Results
Marker analyses
SSR analysis
The 16 EST-SSR markers detected 4 (GBM1047-2H, GBM1075-6H) to 15 (GBM1464-7H) alleles with an average of 8 alleles per marker in all 90 genotypes examined ( Table 1) . The PIC values for these markers in the examined genotypes ranged from 0.285 (GBM1043-3H) to 0.766 (GBM1064-5H) with an average of 0.593 AE 0.131. 
SNP analysis
A total of 18 SNP datapoints were assayed in the complete set of germplasm by using 15 SNP markers as 2 SNP markers namely GBS0461 (4H) and GBS0576 (5H) detected two and three datapoints, respectively in the pyrosequencing assay. SNP markers are predominantly bi-allelic markers and therefore as expected, two alleles per SNP locus were observed for all the markers examined in the complete germplasm set. The PIC values ranged from 0.095 (GBS0708-6H) to 0.490 (GBS0526-3H) with an average of 0.341 AE 0.130 (Table 2) .
AFLP analysis
Over the 90 genotypes analyzed, the four AFLP primer pair combinations yielded a total of 175 scorable loci, 108 of which (61.7%) were polymorphic ( Table 3 ). The number of loci (or fragments) scored per primer combination ranged from 19 (P-AAG + M-CTG, P-AGC + M-CAC) to 44 (P-AGG + M-CTT), with an average of 27 loci per primer combination. The rate of polymorphism found for different primer combinations ranged from 47.5 (P-AGC + M-CAC) to 86.27% (P-AGG + M-CTT).
The PIC values for individual AFLP loci were recorded up to 0.466 (data not shown), however the overall PIC values for individual primer combinations were in the range of 0.122-0.234 with an average of 0.191 AE 0.049 per primer combination (Table 3) .
Comparison of marker systems
Four main aspects of the performance of the examined marker systems were considered (Table 4) : overall efficiency of polymorphism detection in the germplasm (i.e. PIC), the number of independent loci assayed simultaneously (called multiplex ratio), the overall utility of a marker system for detecting genetic variation or marker index and the qualitative nature of data obtained by a given marker system (Appendix 1).
Polymorphic information content (PIC)
SSR markers showed highest level of polymorphism in the examined germplasm as the PIC value for the SSR markers was calculated in the range of 0.471(elite) to 0.676 (wild) with an average of 0.593 across the germplasm lines assayed (Table 1 ). AFLP markers detected lowest level of polymorphism as the PIC value for the AFLP primer pairs was in the range of 0.098 (elite) to 0.285 (wild) with an average of 0.191 across the germplasm analyzed (Table 3) . SNP markers showed an intermediate level of polymorphism as the PIC values calculated for these markers were in the range of 0.300 (elite) to 0.351 (wild) with an average of 0.341 across the germplasm collection examined (Table 2 ).
Multiplex (n) and effective multiplex ratio (E)
Since SSR markers are usually locus specific, the 16 SSR markers analyzed are considered equal to 16 loci (as one locus per primer pair) in the present study. In case of SNP markers also, the 15 SNP markers yielded 15 genetic loci, though 18 SNP datapoints as two SNP markers namely GBS0461 (4H) and GBS0576 (5H), that were assayed on Pyrosequencing, detected two and three datapoints, respectively. Thus the SNP markers also provided the multiplex or effective multiplex ratio as 1.0 per marker ( Table 4) . As a large number of fragments are Table 2 Characteristics of SNP markers, including the SNPs assayed and PIC value in wild (W), cultivated (C) and elite (E) barley germplasm detected in one gel lane, by using one AFLP primer combination, the AFLP markers have a higher multiplex ratio. Effective multiplex ratio of the AFLP, however, depends on the fraction of polymorphic markers (ß) as many of the fragments obtained by one primer combination are monomorphic across the examined genotypes. In the present study, the n and E for the AFLP markers were calculated as 44 and 26.4, respectively (Table 4) .
Marker index (MI)
For determining the overall utility of a given marker system, the marker index, MI was calculated for all the three marker systems examined. The AFLP markers showed the highest MI as 5.042, which are almost 15 and 8 folds higher than that of the SNPs (0.341) and the SSRs (0.593), respectively (Table 4 ). This analysis highlights the distinctive nature of the AFLP assay among different marker systems.
Qualitative nature of data (QND)
Another important issue for different marker systems, we propose here, is the qualitative nature of data, produced by a marker. Based on the assumptions and weightages mentioned under materials and methods, the QND for SNP markers was estimated 1 as the highest and 0.093 as the lowest for the AFLP markers. SSR markers showed an intermediate value for the QND (Table 4) .
Effective marker index (EMI)
The effective marker index considers all the possible attributes such as information content, fraction of polymorphic fragments, multiplex ratio as well as the qualitative issues for a given marker system. According to our calculations, the EMI was highest (0.468) for the AFLP markers and lowest (0.341) for the SNP markers while it was found to be intermediate (0.445) for the SSR markers (Table 4 ).
Genetic diversity in wild, cultivated and elite barleys
SSR markers revealed the highest and AFLP markers the lowest level of polymorphism in the analyzed germplasm (Fig. 1) . The highest level of genetic diversity was observed in wild barleys while elite barleys showed the lowest diversity (Fig. 1, Tables 1-3 ). The cultivated group of genotypes had an intermediate level of genetic diversity. However, a few SSR and SNP markers revealed inverted levels of diversity i.e. higher level of diversity was observed in elite as compared to cultivated and/or cultivated to wild species.
A total of 36 alleles for SNP markers, 128 alleles for SSR markers and 175 fragments/bands for AFLP markers were obtained. Pair-wise comparisons of genetic distance matrices for any two-marker datasets were found to be correlated but at relatively low level of significance. The r (coefficient of correlation) value for the genetic distance matrices for SSR and SNP, SSR and AFLP, and AFLP and SNP data were 0.523 (P < 0.005), 0.537 (P < 0.005) and 0.553 (P < 0.005), respectively. Therefore, to obtain more accurate genetic distance estimates, combined analysis was carried out using all the SSR, SNP and AFLP bands together.
As shown in Fig. 2 , all the examined genotypes could be classified in three major clusters. Majority of the genotypes (95%) of wild, cultivated and elite genotypes group separately. Furthermore, under the elite cluster, two sub-clusters containing the spring and winter type of genotypes could also be formed and in the 'winter type' subcluster, 2-rowed and 6-rowed genotypes could be classified further.
Discussion
In past, a variety of molecular markers such as RFLPs, RAPDs, SSRs and AFLPs have been used for estimating the genetic diversity in different type of barleys (for a review see [8] . Even recently developed SNP markers have also been used for detection of genetic diversity in barley [24, 25] . The use of a particular molecular marker type for estimating the genetic diversity of germplasm collections, however, depends on many factors including costs on genotyping the large population with a marker assay [26] . In recent years, the SSR and SNP markers derived from ESTs, due to their inexpensive developmental costs [11, 12] , are increasingly being used for genotyping of natural or breeding populations. Together with these markers, AFLP markers are still considered good for fingerprinting or diversity analysis. Therefore, the present study documents the comparative utility of these marker types for genetic diversity studies.
Marker polymorphism
SSR and SNP markers were found highly polymorphic while AFLP markers showed a lower level of polymorphism in the germplasm examined in the present study. The high level of polymorphism associated with SSR is to be expected because of the unique mechanism responsible for generating SSR allelic diversity by replication slippage (see [12, 27] ), while the basis of SNP and AFLP polymorphism are single nucleotide mutations and insertions/deletions [28, 29] . SNP markers are mainly bi-allelic and therefore a maximum PIC value of 0.50 can be expected for a given SNP locus. In some cases like GBS0526 (3H) and GBS0576 (5H), we have almost reached this threshold as these markers detected a PIC value of 0.490 and 0.488, respectively.
In case of AFLPs, although all primer combinations were polymorphic (60%), these markers showed the least level of polymorphism in the germplasm collection examined. It is important to note here that these four primer combinations were selected randomly. In contrast, the SSR and the SNP markers used in the present study are part of a core set of highly informative genic markers, identified by us in a separate study [Varshney et al. unpublished] . Therefore, also in case of AFLP analysis, it is recommended to pre-select the AFLP primer combinations with a representative set of genotypes of the population to be tested as shown in other studies (e.g. [30] ). However, it is recommended to pre-select the markers on the similar population that is planned to use for assessing the genetic diversity so that ascertainment bias can be minimized. In the present study, the portion of AFLP bands/loci that met the quality criteria for scoring was low (61.7%) as compared to some other studies in AFLP [7] . However, the resolution of AFLP fragments also depends on the fragment detection system [28] .
Comparative utility of different marker systems
Assessment of genetic diversity by using molecular markers is important not only for crop improvement efforts but also for efficient management and conservation of plant genetic resources in genebanks [31] . Therefore, the selection of a particular type molecular marker is important and critically depends on the intended use [26] .
Regarding the detection of polymorphism SSR markers certainly are better than SNP or AFLP markers as SSR are multiallelic markers in contrast to SNP or AFLP markers. This characteristic attribute of SSR markers together with their codominance nature, etc. made them the markers of choice in plant genetics and breeding [12, 27] . SNP and AFLP markers are biallelic and less informative than SSRs. However, the abundance of SNPs in the barley genome [15, 32] could more than compensate for this deficiency, in the presence of genotyping platforms that offer a compromise between high throughput and lower costs. Although many assays including Pyrosequencing [33] , SNuPE [34] , microarray [24] , PCR-CTTP [35] , tetra-primer ARMS-PCR [25] , Illumina Golden Gate assays [36] have been applied for SNP genotyping in barley, the CAPS assay used in the present study is an inexpensive method, in particular, in the laboratories in developing world where majority of times expensive machines are not available. Pyrosequencing based SNP assays, however, can provide more than one datapoint for assaying genetic variation by using a single SNP marker in one reaction. Furthermore, if two or more than two SNPs are in the range of pyrosequencing, assaying of those SNPs at the Pyrosequencing platform facilitates analysis of haplotypes, which are more informative than individual SNPs for genetic diversity studies [15, 19, 27] .
Because of assaying one genetic locus per primer pair, the effective multiplex ratio for SSR and SNP markers was recorded as 1.0. However, as expected, the AFLP markers showed highest effective multiplex ratio as 26.4. Certainly, this is a characteristic feature of AFLP marker system. Other molecular markers like SSR or SNP do not have so high multiplex ratio, though new approaches like Illumina Golden Gate assay or OPA (oligo pool assay) technology (http:// genomecenter.ucdavis.edu/dna_technologies/illumina.html, [36] ) or detection of SFPs (single feature polymorphism) make it possible to analyze the SNPs in high throughput manner [37] , these approaches are not suitable for their use in routine genetic diversity experiments in low-tech labs. Furthermore, the multiplex ratio of the AFLP assays can be adjusted by altering the restriction enzymes chosen and the degree of 3 0 -nucleotide extension on the PCR primers, offering a high degree of flexibility [23] .
The marker index, which is considered to be an overall measure of the efficiency to detect polymorphism, was highest (5.042) for AFLP-, lowest (0.341) for SNP-, and intermediate (0.593) for SSR-marker systems. Of course, the high MI of the AFLP assay derives from its high effective multiplex ratio rather than from high levels of detected polymorphism. This feature makes the AFLP marker system suitable for fingerprinting or estimating genetic diversity in breeding populations. Infact, in simulation [38] as well as some experimental studies [39, 40] , the AFLP markers have been shown as possessing the greatest discriminatory power to separate individuals from different groups into distinct clusters.
Genotyping of complete or a significant proportion of the genebank collections provides means to improve the management of plant genetic resources in manifold ways [31] . In this context, storing and managing genotyping data of genebank materials obtained by using molecular marker is important. In view of this, we have introduced the concept of the QND and effective marker index. The QND is the more important measure for the genebank curators and managers as they like to have a genotyping data on their material that can be documented and handled easily in their database as well as can be communicated in terms of 'molecular passport data' among different genebanks across the globe. As the QND for the SNP markers is the highest (1) and lowest (0.093) for AFLP markers, we recommend the utilization of SNP markers for genotyping the genebank materials. SNP genotyping data can be documented in 'digital fashion' or binary format (0-1 matrix) across different genotypes, and thus it is very convenient to store in genebank databases. In contrast, the QND for AFLP markers is the lowest as it is very difficult to interpret and document the AFLP genotyping data in genebanks databases. In this context, firstly, one needs to define the accurate sizes for a large number of AFLP fragments per primer combination and secondly, the transferability of the presence/ absence of the AFLP fragments in different genebank samples across laboratories is impaired as it depends on the visualization system of fragments (e.g. radioactive labelling, silver staining, fluorescence labelling, etc.) and skills and expertise of the laboratory staff. The QND for the SSR markers is intermediate between the SNP and AFLP marker systems. Infact, the SSR markers (like SNP markers) irrespective of their detection platforms (silver staining, radioactive labelling, ABI sequencer, ALF, LICOR, etc.) are considered highly reproducible and reliable. Although the documentation of the SSR data can be digitized, one will have to define different alleles in terms of accurate size for a given SSR locus.
Relationships in examined germplasm
As expected, the wild genotypes generally showed more polymorphism than cultivated or elite genotypes [15] . This may be due to the presence of unique alleles present in wild genotypes, which have been lost during the cultivation or adoption, etc. in case of cultivated and elite genotypes. These results, like earlier studies [9, 15] , demonstrate the utility of wild germplasm for exploiting the unique and favourable alleles present therein for crop improvement programmes.
In the present study, genetic distance values were only moderately correlated between marker types. Comparison of different marker systems (especially AFLP and SSR) for diversity and population structure in several plant species frequently revealed incongruent diversity estimates for different types of markers ( [40, 41] and references cited therein). As speculated earlier [38, 41] , our results also suggest that analysing a higher number of genotypes (90) with a comparatively low number of markers may be one of the reasons for observing a low correlation among genetic distance values. This is further supported by the observation that analysis of 6 barley cultivars with a much larger number of EST-derived RFLP (253), SSR (632) and SNP (508) markers showed a high correlation (in the range of 0.87-0.93) among the corresponding genetic distance matrices [31] .
In summary, the present study highlights the advantages and disadvantages of different marker systems for diversity analyses in breeding or natural populations or genebank materials to exploit the genotyping data for crop improvement as well as ex-situ conservation of plant genetic resources. For estimating the diversity of germplasm collections, AFLP or SSR markers (especially, if more than one marker can be used by mutilplexing) are more suitable as they have higher EMI.
Because of their high QND, SNP markers are considered the best type of markers for combining genotyping data from several labs as is frequently the case with decentralized genebank collections. Moreover, the corresponding SNP data can be easily stored in alphanumeric form in databases. Nevertheless, SSR or SNP genotyping should be the markers of choice for major crop species where genome/EST sequence data or primer pairs for such markers are available in sufficient amount. On the other hand, the marker-assisted management of less important species with dearth of genomic resources may still be studied, using relatively conventional marker systems like AFLPs that provide higher EMI and can easily be adapted for genotyping. 
